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Abstract
Sirohaem is a modified tetrapyrrole and a key prosthetic group of several enzymes involved in nitrogen 
and sulfur metabolisms. This work shows that Staphylococcus aureus produces sirohaem through a 
pathway formed by three independent enzymes. Of the two putative sirohaem synthases encoded in the 
S. aureus genome and annotated as cysG, one is herein shown to be a uroporphyrinogen III 
methyltransferase that converts uroporphyrinogen III to precorrin-2, and was renamed as UroM. The 
second cysG gene encodes a precorrin-2 dehydrogenase that converts precorrin-2 to sirohydrochlorin, 
and was designated as P2D. The last step was found to be performed by the gene nirR that, in fact, codes 
for a protein with sirohydrochlorin ferrochelatase activity, labeled as ShfC. Additionally, site-directed 
mutagenesis studies of S. aureus ShfC revealed that residues H22 and H87, which are predicted by 
homology modelling to be located at the active site, control the ferrochelatase activity. Within bacteria, 
sirohaem synthesis may occur via one, two or three enzymes, and we propose to name the correspondent 
pathways as Type 1, 2 and 3, respectively. A phylogenetic analysis revealed that Type 1 is the most used 
pathway in Gammaproteobacteria and Streptomycetales, Type 2 predominates in Fibriobacteres and 
Vibrionales, and Type 3 in Firmicutes of the Baciliales order. Altogether, we concluded that the current 
distribution of sirohaem pathways within bacteria, that changes at the genus or species level and within 
taxa, seems to be the result of evolutionary multiple fusion/fission events. 
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Introduction
Staphylococcus aureus is a facultative anaerobic bacterium responsible for a large number of infections 
of difficult treatment due to the emergence of antibiotic resistant strains. S. aureus colonizes niches with 
low oxygen levels, such as abscesses, intestinal lumen, skin, kidneys and liver, where it grows 
fermentatively or uses nitrate or nitrite as terminal electron acceptors [1–6]. Therefore, S. aureus 
encodes enzymes that reduce nitrate and nitrite, such as nitrate reductase (NarGHI) and nitrite reductase 
(NirBD) [7,8]. In the S. aureus genome, the nitrite reductase nir cluster contains four genes, namely 
nirR, nirB, nirD, and cysG. These genes are predicted to encode a nitrite reductase regulator (NirR), the 
two subunits of a NADH-dependent nitrite reductase (NirBD), and an uroporphyrinogen III 
methyltransferase CysG, as they share, respectively, 34%, 78%, 67% and 54% amino acid sequence 
identity with their homologues in S. carnosus [4,9]. In S. carnosus, this cluster contains a sirA gene, 
predicted to encode a putative precorrin-2 dehydrogenase/sirohydrochlorin ferrochelatase enzyme, 
which is not present in the S. aureus nir cluster. 
The function of the nitrite reductases NirBD depends on the presence of a sirohaem cofactor, which 
transfers six electrons from reduced nicotinamide adenine dinucleotide (NADH) to nitrite to form 
ammonia [10]. In general, sirohaem is synthesized in bacteria from uroporphyrinogen III in a three step 
reaction that includes methylation of uroporphyrinogen III, NAD+-dependent oxidation of precorrin-2, 
and insertion of iron into sirohydrochlorin [11,12] (Figure 1). Sirohaem is also an important intermediate 
of the alternative haem biosynthesis pathway, that is mainly utilized by Archaea and sulfate reducing 
bacteria, and in which sirohaem is converted to protohaem via an oxygen-independent four-enzyme-
step process [13–16]. 
In Escherichia coli and Salmonella enterica, the three reactions are accomplished by a single 
multifunctional enzyme called sirohaem synthase usually referred as CysG [11]. The protein (of 457 
amino acid residues) is composed by a N-terminal region (CysGB) with precorrin-2 dehydrogenase  and 
sirohydrochlorin ferrochelatase activities, and a C-terminal region (CysGA), with S-adenosyl-L-
methionine (SAM)-dependent uroporphyrinogen III (uro´gen III) methyltransferase (SUMT) activity 
that converts uro´gen III to precorrin-2 [12]. 
In Saccharomyces cerevisiae, two enzymes are required for the synthesis of  sirohaem, encoded by 
MET1 and MET8 genes [17]. The product of MET1 (Met1p) is a protein that shares amino acid sequence 
similarity to the C-terminal region of the E. coli CysG, and like CysG, it has SUMT activity [18]. Met8p 
protein is a bifunctional enzyme that shares amino acid sequence similarity to the N-terminal region of 
E. coli CysG, and exhibits two activities: an NAD+-dependent precorrin-2 dehydrogenase activity and 
sirohydrochlorin chelatase activity [18]. 
In the Gram-positive bacterium Bacillus megaterium, the synthesis of sirohaem occurs via three 
proteins, namely SirA, SirB and SirC that are organized in the gene cluster sirABC. These proteins 
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exhibit SUMT activity (SirA), precorrin-2 dehydrogenase activity (SirC) and sirohydrochlorin 
ferrochelatase activity (SirB) [19,20]. 
In this work, we investigated the sirohaem biosynthetic pathway of S. aureus and show that three gene 
products are required for the conversion of uro´gen III to sirohaem. We also report that the gene 
annotated as nirR in the genome of S. aureus, and proposed to encode a nitrite reductase transcriptional 
regulator, is in fact a sirohydrochlorin ferrochelatase that performs the last step of the sirohaem 
biosynthesis pathway. A phylogenetic analysis was done to infer the occurrence of sirohaem pathways 
in bacteria. 
Results
The amino acid sequences of enzymes known to be involved in the synthesis of sirohaem were used to 
search homolog proteins encoded in the S. aureus genome, which allowed identifying two CysG-like 
proteins. One is encoded by the cysG gene included in nir cluster (herein designated as cysG1), and the 
second is codified by a cysG gene (cysG2) located downstream of the sulfite reductase cysJ gene.  
To test whether these proteins participate in sirohaem formation in S. aureus, the genes cysG1 and cysG2 
were cloned, and the correspondent proteins were recombinantly produced and biochemically 
characterized. 
The uroporphyrinogen III methyltransferase of S. aureus 
Staphylococcus aureus cysG1 gene encodes 325 amino acids and the BLASTp search showed that the 
protein shares a significant degree of amino acid sequence identity and similarity to E. coli CysG C-
terminal region and SirA/CobA proteins of B. megaterium, Pseudomonas denitrificans and Paracoccus 
denitrificans (Table 1, Figure 2A). In the sirohaem pathway, these proteins perform the first step that 
converts uro´gen III to precorrin-2, in a SAM-dependent way. To investigate its activity, S. aureus 
CysG1 was produced and the purified protein exhibited a molecular mass of approximately 40 kDa 
(Figure 3A). Incubation of CysG1 with uro´gen III and SAM generated a yellow product that exhibited 
an UV-Visible spectrum typical of precorrin-2 with broad absorption features from 500–400 nm and 
400–350 nm (Figure 3B) [21], which indicated that the enzyme is an uro´gen III methyltransferase. 
Next, we determined the kinetic parameters of the S-adenosyl-L-methionine-dependent 
uroporphyrinogen III (SUMT) activity of CysG1, which was done by coupling the CysG1 and the D. 
vulgaris SirC activities, as described in Materials and methods. The data fitted well to an allosteric 
sigmoidal kinetics indicating that the substrates bind cooperatively. S. aureus CysG1 converted uro´gen 
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III to precorrin-2 with a specific activity of 0.72 ± 0.02 nmol.mg-1min-1 and a KM for uro´gen III of 1.24 
± 0.29 µM (Figure 3C). These values are in the same order of magnitude of those reported for D. vulgaris 
CobA (3 nmol.mg−1min−1 and KM of 0.4 µM for uro´gen III) [22]. Since S. aureus CysG1 functions as 
an uro´gen III methyltransferase, the enzyme was renamed as UroM.
S. aureus CysG2 is a precorrin-2 dehydrogenase 
Comparison of the S. aureus cysG2 encoded sequence against the protein database showed that it shares 
similarity to the precorrin-2 dehydrogenase of E. coli CysG N-terminal region, the SirC proteins of B. 
megaterium and D. vulgaris, and S. cerevisiae Met8p (Table 1, Figure 2B). The cysG2 gene was cloned 
and the protein was produced in E. coli for further purification and evaluation of its activity. S. aureus 
CysG2 is a 201 amino acid protein with the expected molecular mass of approximately 25 kDa (Figure 
3A). The activity of CysG2 was tested by incubation of the protein with NAD+ and precorrin-2, which 
was previously generated by incubating SAM, δ-Ala and the enzymes expressed from plasmid pET-
coco2-ABCD (Materials and methods). Formation of sirohydrochlorin was deduced by a colour change 
of the reaction mixture from yellow to purple, and further confirmed by the presence of absorbance 
maxima at 376 nm and 590 nm (Figure 3D), which is consistent with what was reported in previous 
studies [19]. Additionally, when the reaction was done in the presence of iron, no sirohydrochlorin 
ferrochelatase activity was observed for CysG2 (data not shown). 
The catalytic parameters of the NAD+-dependent precorrin-2 dehydrogenase activity of S. aureus CysG2 
were also determined. Measurements were done using as substrates NAD+ and precorrin-2, the latter 
being generated in a separated reaction containing the enzymes expressed from plasmid pET-coco2-
ABCD. The reaction was monitored by UV-visible spectroscopy following the increase of 
sirohydrochlorin absorbance at 376 nm. S. aureus CysG2 exhibited a specific activity of 62 ± 2 nmol.mg-
1min-1 and a KM for NAD+ of 340 ± 40 µM (Figure 3E). Therefore, CysG2 of S. aureus proved to function 
as a precorrin-2 dehydrogenase in vitro, and was renamed as P2D.
S. aureus NirR is a sirohydrochlorin ferrochelatase and is required for nitrite reduction
S. aureus UroM and P2D proteins showed the highest amino acid sequence identity and similarity to 
enzymes of B. megaterium. Thus, we used B. megaterium sirohydrochlorin ferrochelatase to search in 
S. aureus for the enzyme that could perform the last step of the sirohaem pathway (Table 1). 
Unexpectedly, the search retrieved the gene product of nirR located upstream of nirBD, which encode 
the large subunit (NirB) and the small subunit (NirD) of the nitrite reductase enzyme, and which was 
annotated as its regulator. For this reason, we first tested whether NirR was indeed the nitrite reductase 
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regulator by evaluating the expression of nirB and cysG1 in the S. aureus ΔnirR mutant. However, the 
expression of these genes had no differences between wild type and the mutant strain (fold changes: 
nirB=0.87; cysG1=0.77), which rule out the regulatory role of NirR. Consequently, the hypothesis of 
NirR being a sirohydrochlorin ferrochelatase was next addressed. 
The nirR gene has 732 bp and its initiation codon is annotated as GTG, which encodes a valine amino 
acid instead of methionine. After several attempts, this gene product could not be expressed successfully. 
A more detailed examination of the nirR sequence revealed that the most probable ATG start codon was 
located 39 bp upstream of the one annotated in the genome giving rise to a gene with 771 bp. This DNA 
segment was cloned into pET-23b, and a protein of 255 amino acids and a molecular mass of 
approximately 29 kDa was produced. 
Due to the low solubility of the protein, the sirohydrochlorin ferrochelatase activity of NirR was 
determined in complementation experiments using the E. coli Δ302a mutant. This strain lacks the E. 
coli cysG gene and, because it is unable to synthesize sirohaem, it only grows in medium supplemented 
with cysteine or sulfide, or when the strain expresses other proteins capable of producing sirohaem [23]. 
Thus, the E. coli Δ302a expressing M. thermoautotrophicus sirC and P. denitrificans cobA from plasmid 
pCIQ was transformed with plasmid pET-23 expressing S. aureus nirR gene and the growth in minimal 
medium with no cysteine was evaluated. Figure 4A shows that while the strain containing the empty 
pET-23 vector did not grow, the strain complemented with pET-23-wild type-nirR grew as well as that 
complemented with E. coli cysG. 
To further infer about the role of the protein in sirohaem synthesis, a S. aureus sirohydrochlorin 
ferrochelatase mutant strain (ΔnirR) was tested on its capacity to reduce nitrite. We observed that the S. 
aureus wild type strain grown anaerobically in nitrite-containing medium reduces the nitrite within 
approximately 5 h. On the contrary, under similar conditions, the sirohydrochlorin ferrochelatase mutant 
strain showed no nitrite consumption, which is consistent with the lack of sirohaem formation (Figure 
4B).
Altogether, these experiments demonstrated that S. aureus NirR is a sirohydrochlorin ferrochelatase and, 
therefore, it was renamed as ShfC.
Histidines 22 and 87 control the enzyme activity of S. aureus ShfC 
The active site of sirohydrochlorin ferrochelatase-like proteins has been proposed to include histidine 
residues. Comparison analysis of the S. aureus ShfC amino acid sequence with previously studied 
sirohydrochlorin ferrochelatases led us to select histidines 22, 87 and 146 as potential amino acid 
residues involved in controlling its function (Figure 5A). Hence, we have generated, by site-directed 
mutagenesis, three independent genes in which the codons for these histidines were replaced by leucines. 
The plasmids containing the mutated genes of S. aureus ShfC were introduced into an E. coli Δ302a 
strain expressing M. thermoautotrophicus sirC and P. denitrificans cobA, and the growth was evaluated 
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in minimal medium. E. coli Δ302a expressing either genes with H22L or the H87L mutations did not 
revert the cysteine auxotrophy of the strain (Figure 4A), which is consistent with the need of these 
residues are necessary for the function of the enzyme. Although H146 is highly conserved among 
sirohydrochlorin ferrochelatase-like proteins, replacement by leucine did not cause alterations on the 
phenotype (Figure 4A). 
To predict the localization of the histidine residues in the structure of S. aureus ShfC, a homology-based 
modelling was used considering as template S. enterica CbiK (PDB code: 2XWP), which contains a 
metallated sirohydrochlorin at the active site [24]. An overlay between the two proteins indicates that S. 
aureus ShfC adopts the typical overall structure of type II class of metal chelatase enzymes with two 
domains of a mixed α/β architecture (Figure 5B). Analysis of the central cavity of S. aureus ShfC where 
the metallated substrate would be inserted also predicts that H22 and H87 modulate the enzyme activity. 
Although H146 is located in the vicinity of the active centre it is not expected to be involved in metal 
binding, which agrees with experimental data indicating that it is not a functionally important residue 
(Figure 5C).
Distribution of sirohaem biosynthesis pathways among bacteria
The enzymatic reactions forming the three step sirohaem pathway are performed by one, two or three 
independent enzymes, depending on the organism. CysG denomination has been used for several 
sirohaem-related proteins that exhibit quite different activities. For this reason, we proposed a new set 
of abbreviations that correlates with the enzymes´ activity. In this nomenclature, CysG is used for the 
multifunctional enzymes that combine three activities in a modular architecture and different 
combination of the core domains. UroM designates proteins with S-adenosyl-L-methionine (SAM)-
dependent uroporphyrinogen III (uro´gen-III) methyltransferase activity, P2D stands for precorrin-2 
dehydrogenase enzymes, and ShfC describes sirohydrochlorin chelatases (Table 2). 
We also searched for homologous of the sirohaem biosynthesis proteins in prokaryotic complete and 
annotated genomes. A comprehensive analysis of the amino acid sequences of 4856 complete bacterial 
genomes was done using BlastP tool [25] and several characterized or bona-fide enzymes as queries 
(see Materials and methods). The large dataset obtained was further refined using as selection criteria 
the presence of the core domains, sequence length and alignment coverage with the different bona-fide 
queries.
The presence of two independent enzymes, one with an UroM activity and another with a P2D-ShfC 
fusion, which until now was only observed for eukaryotic yeast, also occurs in bacteria. Therefore, 
considering that the synthesis of sirohaem can take place via one, two or three enzymes, we propose to 
name the correspondent pathways as Type 1, 2 and 3, respectively (Figure 6A). Type 1 refers to a 
pathway performed by the trifunctional enzyme CysG, which contains the SUMT, dehydrogenation and 
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ferrochelation activities in a single polypeptide. Type 2 refers to a pathway formed by 2 independent 
enzymes, such as that occurring in organisms that contain an enzyme with the UroM domain and another 
enzyme with a P2D-ShfC fusion motif. Finally, the Type 3 pathway involves three proteins, having each 
one a single activity (Figure 6A). Within the organisms that perform sirohaem biosynthesis via the Type 
3 pathway, the chelatase operative in the last step may be performed by four different enzymes, namely 
SirB, CbiXL, CbiXS and CbiK. The last three proteins have been described as sirohydrochlorin 
cobaltochelatases but they also exhibit ferrochelatase activity [26,27].
The organization of the genes encoding sirohaem related proteins is quite diverse even within the genus 
level (Figure 6B). The sirohaem genes of Staphylococcus spp. are located in the vicinity of the nitrite 
reductase operon. However, while in S. carnosus these three genes are organized in a single cluster, in 
S. aureus and S. epidermidis this cluster only contains two of these genes and the third gene is located 
elsewhere in the genome. Interestingly, many bacteria apparently contain more than one uroM-like gene, 
such as in S. carnosus, S. epidermidis and Bacillus spp. Sirohaem-related genes are also located in gene 
clusters that encode sulfite reductase enzymes, which are sirohaem containing proteins.
We next studied the distribution of the 3 types of sirohaem biosynthesis pathways in bacterial organisms 
considering 4856 genomic records (Figure 7). A complete sirohaem biosynthetic pathway was found in 
organisms belonging to 15 out of the 31 bacterial phyla surveyed. Among the organisms apparently 
lacking any sirohaem biosynthesis are the phyla of Chlamydiae, Cyanobacteria, Elusimicrobia, 
Tenericute and Verrucomicrobia.
The synthesis of sirohaem via Type 1 is the preferable route utilized by bacteria, as it accounts for 33% 
of the sirohaem synthesizing organisms, while only almost 4% synthesize sirohaem via the Type 2, and 
9% use Type 3. In general, the Type 1 pathway is mainly present in Corynebacteriales (29%), 
Betaproteobacteria (31%), Alphaproteobacteria (52%), Gammaproteobacteria (80%) and 
Streptomycetales (91%) order of the Actinobacteria phyla. Noteworthy, some Gamma and 
Alphaproteobacteria harbours two or even 3 cysG like genes, as it is the case of some members of the 
Aeromonadales order. Exceptions in these phyla occur in Vibrionales and Caulobacterales order that 
contain more organisms with enzymes of the Type 2 pathway, and in Shewanella genus with all genomes 
housing enzymes for a Type 2 pathway.
A bacterial version of the Type 2 route, similar to that present in yeast, occurs in  Fibrobacteres phylum 
(100%), Vibrionales (98%), almost all organisms from the actinobacterial Propionibacteriaceae family 
(86%), 80% genomes from the Thermaceae family (Deinococcus-Thermus), Negativicutes (80%), 
Gammaproteobacteria from the Alteromodales order (35%), and  Clostridia (10%, mainly in 
Desulfitobacterium and Desulfosporosinus genus). Interestingly, the P2D-ShfC of 
Propionibacteriaceae have an extended N-terminal region that shares sequence similarity to the type II 
chelatase superfamily. 
The synthesis of sirohaem via the Type 3 pathway is predicted to occur mainly in Firmicutes of the 
Baciliales order (77% of 407 organisms such as Bacillus, Geobacillus, Lynsinibacillus, Staphylococcus), 
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Nitrosospira (75%), Spirochaetes (19%), and Planctomycetes (17%). The variant (UroM+P2D+CbiK), 
i.e., in which the ShfC enzyme is replaced by CbiK, occurs mainly in genomes of the Fusobacteria 
(79%), Deltaproteobacteria (59%), Chlorobia (36%) and Clostridia (27%) classes, and is present in all 
of the 76 Listeria genomes surveyed. Moreover, the Type 3 pathway appears sporadically in other phyla.   
Discussion
In this work, we have identified and characterized the proteins that perform the biosynthesis of sirohaem 
in S. aureus. The genome contains two cysG-like genes whose proteins share amino acid sequence 
similarity to SirA and SirC of B. megaterium. The recombinant S. aureus CysG proteins exhibit 
uroporphyrinogen III methyl-transferase and precorrin-2 dehydrogenase activities that are in the range 
of values determined for their bacterial homologues. For this reason, the proteins were renamed UroM 
and P2D, respectively. The initial analysis of the S. aureus genome did not retrieve a homolog of a 
sirohaem ferrochelatase. This led us to hypothesize that S. aureus P2D could have a 
dehydrogenase/chelatase activity similar to what is observed for E. coli CysGB and S. cerevisiae Met8p 
[12,18]. But this was not the case, as S. aureus P2D showed no ferrochelatase activity. However, a 
suitable candidate was found in the nirR gene, which according to the genome annotation was predicted 
to encode a nitrite regulator, but that shares some degree of sequence similarity to the B. megaterium 
SirB. We show that S. aureus NirR is not a transcription factor involved in the regulation of the gene 
cluster where it is inserted, which contains genes encoding two subunits of the nitrite reductase enzyme 
(NirB and NirD). Moreover, we proved that S. aureus nirR encodes a functional sirohydrochlorin 
ferrochelatase, and therefore it was designated as ShfC. Additionally, ShfC is shown to be required for 
the nitrite reductase activity of S. aureus cells as a mutant strain in this gene is unable of nitrite 
consumption.
The comparison of the amino acid sequences of several sirohydrochlorin chelatases (Figure 5A) 
indicates that S. aureus ShfC contains histidine residues that are proposed to modulate the chelatase 
activity and/or be involved in metal binding. For example, two of the residues that in A. fulgidus CbiXs 
(H10 and H75) bind the metal [24] are also present in S. aureus ShfC (H22 and H87) (Figure 5A). The 
amino acid sequence alignment also indicates that H146 of S. aureus ShfC is a conserved residue, which 
in D. vulgaris CbikP (H182), P. pantotrophus CbiX (H127), and S. enterica CbiK modulate the iron 
chelatase activity (H145) [24, 27-28]. In the absence of structural data for S. aureus ShfC, we generated 
a homology model and performed site-directed mutagenesis studies to investigate in complementation 
assays the role of the histidines predicted to be functionally important. According to the model, which 
was generated using the structure of S. enterica CbiK, the S. aureus ShfC adopts a typical type II 
chelatase structure with residues H22, H87 and H146 located near the active site. Furthermore, our site-
directed mutagenesis results showed that H22 and H87 are essential for the function of the protein. 
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Although in the model residue H87 is pointing out to the center of the molecule (Figure 5C), it was 
previously reported for S. enterica CbiK that H207, which occupies the same structural position as S. 
aureus ShfC H87, can undergo a structural change, alternating between free metal binding or moving 
away from the tetrapyrrole, upon sirohydrochlorin binding, to facilitate the insertion of the metal ion 
into the macrocycle [24]. This would explain why the mutation of H87 by leucine in S. aureus ShfC 
impaired the ferrochelatase activity. The lack of function is most probably related to modification of the 
catalytic properties of the protein resultant from site-directed mutagenesis. However, it cannot be 
definitively excluded that H22 and H87 mutations could have impaired the protein’s ability to bind to 
sirohydrochlorin or iron substrates, a study that requires a stable purified protein.
CysG type enzymes are present in enteric bacteria such as S. enterica and E. coli. Until now, the 
sirohaem synthesis done by two enzymes was only described for yeast, which uses the bifunctional 
precorrin-2 dehydrogenase and chelatase enzyme Met8p and uro´gen-III methyltransferase Met1p. 
This work revelead that S. aureus uses three individual enzymes to transform uro´gen III into sirohaem, 
as occurs in other bacilli. In higher plants, separated enzymes also exist but, so far, no precorrin-2 
dehydrogenase was reported. 
Our analysis of the genome organization of the sirohaem genes allow us to conclude that there is a large 
diversity in the cluster organization among organisms. Despite the amino acid sequence similarities with 
the B. megaterium sirohaem related proteins, the S. aureus genes encoding enzymes involved in 
sirohaem synthesis are not organized in a single operon [19], but instead are widespread in the genome, 
with uroM and shfC being only relatively closely located: uroM is part of the nirBD operon which is 
located downstream of nirD, while shfC is located upstream of the nirBD operon. The p2D gene is found 
in a different region of the genome. This organization significantly differs from that of S. carnosus that 
contains a gene cluster with three genes (Figure 6B), which were previously referred as being involved 
in sirohaem synthesis [9].
The distribution of the three types of pathways (Figure 7) shows that Type 1 is the most used route in 
bacteria. Interestingly, although Cyanobacteria depend on sirohaem for key functions that involve the 
assimilatory nitrite and sulfite reductase enzymes, no complete sirohaem synthase pathway seems to be 
present, containing only disperse gene products that share meaningful sequence similarity to ShfC and 
UroM proteins. It is possible that these cyanobacteria synthesize sirohaem using only these two proteins, 
similarly to what takes place in higher plants that apparently lack P2D homologues, in which a 
completely distinct enzyme may be involved in this step. However, in many organisms, shfC gene is 
also not found. It has been proposed that instead of using the long form of the CbiXL chelatase, these 
organisms recruited either the short version (e.g., Clostridia – Thermoanaerobacteraceae family) or the 
CbiK chelatase such as Deltaproteobacteria, Chlorobia, and Clostridium that express sirohaem 
containing proteins. 
Organisms that could utilize multiple types of sirohaem pathways are rare and can only be found in 
Fimbriimonas ginsengisoli (Type 1 and Type 2), Magnetococcus marinus (Type 2 and Type 3), in the 
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Desulfuromonadales Pelobacter carbinolicus and Geobacter lovleyi (Type 1 and Type 3), and in 
Photobacterium gaetbulicola species (Type 1 and Type 2). In many cases, Type 2 or Type 3 pathways 
change at genus or species level, within a taxa, which suggest that their distribution arose from multiple 
fusion/fission events. Additionally, Shewanella organisms seem to be an example of a fission event at 
the ancestral of the Gammaproteobacteria as although it uses only the Type 2 pathway, its P2D-ShfC 
enzyme shares a high amino acid sequence similarity to E. coli CysG (Type 1 pathway).
Also, the larger type II chelatases, such as SirB, CbiXL, CbiK and HemH, with the residues forming the 
active site either located in the N-terminal or C-terminal regions, may result from CbiXS by a gene 
duplication and fusion event [24,29]. Noteworthy, although organisms belonging to the 
Corynebacteriales and Streptomycetales order (Type 1) have some residues previously shown to be 
important for P2D/ShfC activity, the amino acid sequence region of domain IIIB that is normally present 
in CysG proteins, is not present in the enzymes of these organisms. Thus, more studies will have to be 
performed to understand if these organisms can really perform the three reaction steps in a single 
enzyme. 
Materials and methods
Bacterial strains, growth conditions and nitrite consumption assays
Strains and plasmids used in this work are described in Table 3. All E. coli and S. aureus strains were 
grown aerobically in LB and in Tryptic Soy Broth (TSB) at 37 °C and 150 rpm, respectively. Exception 
was made for the E. coli 302Δa strain, which for the complementation experiments was grown on 
minimal medium composed of M9Salts (12.8 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/LNH4Cl) 
and 20 mM glucose, 2 mM MgSO4, 0.1 mM CaCl2, and 1.5% agar. Antibiotic resistance was selected 
using chloramphenicol (35 μg.ml−1) and ampicillin (100 μg.ml−1). S. aureus NE1352 (ΔnirR) strain was 
selected for erythromycin resistance (10 μg.ml−1). Competent cells were prepared essentially as 
described previously [30]. 
S. aureus JE2 and S. aureus ΔnirR were used for RNA extraction from cells grown in TSB, aerobically 
(OD600=1) in Erlenmeyer flasks at 37°C. The harvested cells were treated with an ice-cold 
ethanol/phenol RNA protective solution (5%), centrifuged at 2000 x g for 5 min, and the pellets flash 
frozen in liquid nitrogen.
For nitrite consumption assays, overnight cultures of S. aureus JE2 and ΔnirR cells were inoculated in 
TSB supplemented with 2 mM of sodium nitrite (NaNO2), to an OD600 of 0.1 and grown under 
anaerobic conditions at 37 ºC and 150 rpm. The growth of S. aureus JE2 and ΔnirR under was 
monitored hourly by measuring the optical density at 600 nm in a spectrophotometer (Multiskan™ 
GO, ThermoFisher Scientific). Every hour, cells of S. aureus JE2 and ΔnirR were collected, loaded in 
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in a 96-well plates spectrophotometer, and nitrite concentration was determined by addition of the 
Griess reagent (1 % sulfanilamide, 0.1% naphthylene diamine dihydrochloride and 2 % H3PO4) and 
measuring the optical density at 540 nm (Multiskan™ GO, ThermoFisher Scientific). The cellular 
nitrite levels were determined against a calibration curve 
RNA isolation, RT-PCR and quantitative real-time RT-PCR assays
For RNA isolation, cell pellets were thawed on ice, resuspended in 10 mM Tris pH 8 and lysed with 2 
mg ml-1 lysozyme and 30 μg ml-1 lysostaphin, at 37 °C for 30 min. The lysates were transferred to Aurum 
RNA Binding Mini Columns and total RNA was extracted with Aurum™ Total RNA Mini Kit (Bio-
Rad) following the manufacturer´s instructions. Contaminating DNA was removed by treatment with 
Ambion® TURBO DNA-free™DNase kit (Life Technologies).  The concentration, purity and integrity 
of the RNA were evaluated in a Nanodrop ND-1000 UV–visible spectrophotometer (Thermo Fisher 
Scientific) and by gel electrophoresis.
For cDNA synthesis, 1 µg of RNA was reverse transcribed with the Transcriptor High Fidelity cDNA 
Synthesis Kit (Roche) using the Anchored-oligo (dT)18 and Random Hexamer primers. Quantitative 
real-time RT-PCR reactions were prepared with LightCycler® 480 SYBR Green I Master kit, using the 
primers listed in Table 4 and done in LightCycler® 480 (Roche). The fold change was calculated using 
the comparative CT method and 16S rRNA as reference gene. Assays were done for two independent 
biological samples analysed in triplicate.
Cloning and site-directed mutagenesis experiments
The two S. aureus cysG genes, which were denominated cysG1 (NWMN_2298) and cysG2 
(NWMN_2517), and nirR (NWMN_2301) were amplified by PCR using genomic DNA and 
oligonucleotides described in Table 4. The DNA fragments were digested and ligated to pET-23b 
(Novagen) plasmids which had been pre-treated with restriction enzymes selected so that His-tag 
encoding sequences were introduced into each gene (Table 3). 
Site-directed mutagenesis was done for S. aureus NirR:  three independent NirR recombinant proteins 
were generated each containing a single amino acid residue mutation by substitution of H22, H87 and 
H146 with hydrophobic and non-aromatic leucine residues. The mutagenesis was carried on pET-23b-
SanirR using the primers listed in Table 4 and QuickChange II Site-Directed Mutagenesis Kit (Agilent 
Technologies) to generate plasmids pET-23b-SanirRH22L, pET-23b-SanirRH87L, and pET-23b-
SanirRH146L. 
For all wild type and mutated genes, the correct sequence was confirmed by DNA sequencing.
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Protein expression and purification
In order to facilitate the purification procedure, S. aureus proteins were produced containing His-tag 
fusions, which were bound either to the N-terminus (CysG1) or to the C-terminus (CysG2 and NirR).
Desulfovibrio vulgaris HmbS (hydroxymethylbilane synthase) UroSd (an UroS domain that contains 
uro´gen III synthase activity) and precorrin-2 dehydrogenase SirC His-tagged proteins were expressed 
from plasmids pET-14b-DvhmbS, pET-14b-DvsirC and pET-14b-DvuroSd which were constructed as 
described previously [31].  
All plasmids, pET-23b-SacysG1, pET-23b-SanirR, pET-23b-SacysG2, pET-14b-DvhmbS, pET-14b-
DvsirC and pET-14b-DvuroSd, were transformed separately into E. coli BL21STAR(DE3) pLysS 
competent cells, which were cultured in LB medium to an OD600=0.6. At this stage, expression was 
induced with 400 µM of isopropyl β-D-1-thiogalactopyranoside (IPTG) and cells grown for 16-20 h, at 
20 °C. Cells were harvested by centrifugation (11000 x g, 10 min, 4°C), resuspended in 20 mM Tris-
HCl buffer pH 8 and lysed in a French press at 1000 psi. Cells were centrifuged twice (48300 x g, 10 
min, 4°C), and the soluble fraction was applied onto a Ni2+ Sepharose fast flow column (GE Healthcare), 
previously equilibrated with 20 mM Tris-HCl buffer pH 8, 500 mM NaCl and 10 mM imidazole. S. 
aureus CysG1, NirR and CysG2 were eluted in 20 mM Tris-HCl buffer pH 8 with 500 mM NaCl and 
500 mM imidazole. The D. vulgaris HmbS, UroSd and SirC proteins were eluted in the same buffer but 
containing only 400 mM imidazole. Protein fractions were concentrated in an Amicon Stirred 
Ultrafiltration Cell using a 10 kDa membrane (Millipore), and buffer exchanged against 50 mM Tris-
HCl buffer pH 8 in PD-10 columns (GE Healthcare). This last step was done under anaerobic conditions 
(Coy model A-2463 and Belle Technology chambers) to avoid inactivation of the enzymes. The purity 
and molecular masses of the recombinant proteins were determined by SDS-PAGE, and their 
concentration was determined spectrophotometrically, at 280 nm, using the following theoretical 
extinction coefficient (ExPASy software) [32]: ε280nm=22920 M-1 cm-1 for S. aureus CysG2, 
ε280nm=31665 M-1 cm-1 for S. aureus CysG1 and ε280nm=8480 M-1 cm-1 for D. vulgaris SirC.
Complementation experiments
Plasmid pCIQ-sirCcobA for expression of Methanothermobacter thermoautotrophicus sirC and 
Pseudomonas denitrificans uroporphyrinogen III methyltransferase cobA genes [26] was introduced into  
E. coli 302Δa, which is a strain that lacks sirohaem synthase cysG and, thus, is unable to synthesize 
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sirohaem. Therefore this strain, that does not reduce sulfite to sulfide due to the absence of  sirohaem in 
the sulfite reductase, only grows in the presence of sulfide or cysteine [23]. 
Strains of E. coli 302Δa (pCIQ-sirCcobA) transformed with pET-23b (negative control) or pKK223.2-
cysG [26] were used in the complementation experiments as negative and positive controls of sirohaem 
synthesis, respectively.   
Strains of E. coli 302Δa (pCIQ-sirCcobA) co-transformed with pET-23b expressing S. aureus 
ferrochelatase SirB wild type and H22L, H87L and H146L variants were tested for ferrochelatase 
activity. 
In all cases, cell colonies were diluted in PBS to an OD600 of 0.1 and platted on minimal medium with 
or without cysteine (0.05 mg ml-1) and antibiotics, and grown at 37°C, for 20 h.
Enzyme assays
All reactions were performed in solutions that contained 50 mM Tris-HCl buffer pH 8, and enzyme 
activities were evaluated, at room temperature, in a Shimadzu UV-1800 spectrophotometer inside an 
anaerobic Coy chamber. 
Substrate production
Due to commercial unavailability of uro´gen III and precorrin-2, the two substrates were prepared in the 
laboratory in reactions done under anaerobic conditions.   
For uro´gen III, 5 mg D. vulgaris HmbS-His and UroSd-His were incubated with 1 mg of 
porphobilinogen (PBG) (Frontier Scientific) in a final volume of 2 ml. Uro´gen III was separated from 
the D. vulgaris enzymes through passage of the reaction mixtures in a Ni2+ Sepharose fast flow columns. 
Uro´gen III was diluted in 1 M HCl and its concentration was determined spectrophotometrically 
(ε405=5.4×105 M−1 cm−1). 
Precorrin-2 was produced using the recombinant plasmid pETcoco-2ABCD (Table 3), which expresses 
a His-tagged form of the following enzymes required for its formation from δ-aminolevulinic acid (δ-
Ala): Methanosarcina barkeri uro´gen III methyltransferase (CobA), Methanothermobacter 
thermautotrophicus porphobilinogen synthase (PbgS), Bacillus megaterium hydroxymethylbilane 
synthase (HmbS) and uro´gen III synthase (UroS). Plasmid pETcoco-2ABCD was transformed into E. 
coli BL21(DE3)Gold competent cells, which were grown in LB medium supplemented with 0.2% (w/v) 
glucose and ampicillin to an OD600 of 0.5. At this time, the cells were supplemented with L-arabinose 
(0.02% w / v), cultured for two more hours, after which 400 μM IPTG was added and cells were grown 
overnight at 20 ° C. Cells were harvested by centrifugation (11000 x g, 10 min, 4°C), the pellets were 
resuspended in 50 mM Tris-HCl buffer pH 8 with 100 mM NaCl, and disrupted in a French cell at 1000 
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psi. The soluble fraction collected after centrifugation was buffer exchanged, under anaerobic 
conditions, against 50 mM Tris-HCl pH 8 using a PD-10 column (GE Healthcare). Finally, precorrin-2 
was prepared in a reaction mixture that contained 3 ml of soluble fraction, 2 mg SAM and 2 mg δ-Ala, 
and that was incubated overnight. Next, the reaction mixture was loaded into a Ni2+ Sepharose fast flow 
column to separate the His-tagged proteins from precorrin-2 formed in the reaction. Due to the lack of 
the precorrin-2 extinction coefficient value, the quantification of precorrin-2 was done indirectly through 
the formation of  sirohydrochlorin in a reaction coupled to precorrin-2 dehydrogenase activity of D. 
vulgaris SirC [33].
Uroporphyrinogen III methyltransferase and precorrin-2 dehydrogenase activities
The uro´gen III methyltransferase activity of CysG1 was determined by coupling the activity to the 
precorrin-2 dehydrogenase activity of D. vulgaris SirC being the formation of precorrin-2 evaluated 
indirectly through the production of sirohydrochlorin. The uroporphyrinogen III methyltransferase 
reaction mixture consisted of 155 µg of S. aureus CysG1, 8 µg D. vulgaris SirC, 125 µM S-adenosyl-
L-methionine (SAM), 100 µM NAD+ and uro´gen III (0.5-5 µM) in a final volume of 1 ml. 
Precorrin-2 dehydrogenase activity was measured by incubation of precorrin-2 (2.5 µM) with several 
concentrations of NAD+ (0.05-2 mM) and S. aureus CysG2 (4 µg), in a final reaction volume of 1 ml. 
The assays were done in triplicate.
The two reactions yielded as final product sirohydrochlorin that was quantified by following the increase 
of the absorbance of the characteristic band at 376 nm (ε376=2.4×105 M−1 cm−1). 
 Kinetic parameters were obtained by fitting the activity and substrate concentration values to an 
allosteric sigmoidal or Michaelis-Menten equation for uroporphyrinogen III methyltransferase and 
precorrin-2 dehydrogenase activities, respectively, using GraphPad Prism (GraphPad Software, La Jolla, 
CA, USA).
Homology modelling of S. aureus ShfC 
The protein structure prediction of S. aureus ShfC was done using the SWISS-MODEL [34]. S. enterica 
CbiK (PDB code: (2XWP)) that shares with the amino acid S. aureus protein (identity 14% and 
similarity 32%) was used as template for the construction of the model. The quality of the homology 
model was examined using SWISS-MODEL workspace and RMSD-derived PyMOL (PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC). The sirohydrochlorin molecule was 
introduced into S. aureus ShfC with PyMOL by alignment of the S. enterica CbiK crystal structure with 
the homology model.
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Genomic analysis
A dataset of 4856 bacterial complete genomes was downloaded from NCBI and parsed against NCBI 
taxonomy. The following selected sequences were used as queries: Bacillus megaterium 
WP_116077515.1; Bacillus subtilis NP_389445.1 and NP_388210; Bacillus thuringiensis HD-771 
WP_000521277.1; Desulfovibrio vulgaris YP_009955, YP_010682, YP_009872 and YP_010584;  
Escherichia coli NP_417827, NP_418247 and NP_418248; Methanosarcina barkeri AAZ70732 and 
AAZ70418; Pseudomonas fluorescens F113 AEV65677; Saccharomyces cerevisiae NP_012995 and 
NP_009772; Staphylococcus aureus WP_001014063.1 and AAW36821.1; and Xanthomonas oryzae  
AAW76356. A BLAST [25] search was performed using as a cut of identity of at least 25% and an E-
value lower than 10-10. Due to the similarity between the domains present in the single and 
multifunctional enzymes as well as unrelated enzymes, each retrieved sequence was characterized in 
terms of PFAM domains (Version 31). The domain architecture, sequence similarity, alignment 
coverage and sequence length were used to classify each single potential hit into their corresponding 
protein family by using an in-house Perl script. The genomic protein dataset used in this analysis was 
retrieved from publicly available repositories (RefSeq) and is available under the accession number(s) 
given in Supplementary Table S1.  
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Tables
Table 1. Amino acid sequence identity and similarity of CysG1, CysG2 and NirR encoded in the S. 
aureus genome with previously studied microbial uro´gen III methyltransferase, precorrin-2 
dehydrogenase, and sirohydrochlorin ferrochelatase enzymes, respectively. Accession numbers: S. 
aureus CysG1 (WP_000109968.1); B. megaterium SirA (AAA22317.1); Pseudomonas (P.) 
denitrificans CobA (AAA25773.1); E. coli CysG C-terminal 216-457 (WP_000349855.1); Paracoccus 
(Pa.) denitrificans CobA (WP_011748768.1); S. aureus CysG2 (A0A0H3KAM1); B. megaterium SirC 
(CAD48923); E. coli CysG N-terminal 1-223 (WP_000349855.1); Desulfovibrio (D.) vulgaris SirC 
(YP_010682); Saccharomyces (Sac.) cerevisae Met8p (NP_009772.1); S. aureus NirR 
(YP_001333335); B. megaterium SirB (CAD48922); Synechocystis sp. CbiX (BAA10794.1); 
Archaeoglobus (A.) fulgidus CbiX (WP_010878224.1); and Paracoccus (Pa.) pantotrophus CbiX 
(A0A023GPI5)
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Identity (%) Similarity (%)
S. aureus CysG1 
B. megaterium SirA 44 62
P. denitrificans CobA 37 54
E. coli CysG C-terminal 38 55
Pa. denitrificans CobA 37 52
S. aureus CysG2 
B. megaterium SirC 35 61
E. coli CysG N-terminal 27 50
D. vulgaris SirC 23 42
Sach. cerevisae Met8p 22 37
S. aureus NirR 
B. megaterium SirB 25 43
Synechocystis sp. CbiX 23 40
A. fulgidus CbiX 29 53
Pa. pantotrophus CbiX 25 42
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Table 2. Names and abbreviations for bacterial sirohaem biosynthesis enzymes
 
Enzyme function Old abbreviation New abbreviation
Multifunctional sirohaem synthase CysG CysG
SAM-dependent uroporphyrinogen III 
methyltransferase
SirA/CobA/SUMT/CysG UroM
Precorrin-2 dehydrogenase CysG/SirC P2D
Sirohydrochorin ferrochelatase CysG/SirB/CbiX/CbiK ShfC
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Table 3. Strains and plasmids used in this work




F– ompT hsdSB(rB–mB –) 
gal dcm
Recombinant protein expression NA Novagen
E. coli
BL21STAR(DE3)pLysS
F– ompT hsdSB(rB–mB–) 
gal dcm
Recombinant protein expression CmR Novagen
E. coli 302Δa NirS, Lac+,Cys-; cysG- cysG- strain (cysteine auxothrophic 
strain) used in complementation 
experiments
NA [34]
E. coli XL1-Blue recA1 endA1 gyrA96 
thi-1 hsdR17 supE44 
relA1 lac [F´ proAB 
lacIq Z∆M15 Tn10 
(TetR)





S. aureus Newman Wild type Laboratory 
strain 
Used for gDNA PCR amplification NA [35]
S. aureus JE2 plasmid-cured 
derivative of strain 
LAC
Used as wild type strain in q/RT-















pETcoco-2ABCD M. barkeri cobA, 
M.thermautotrophicus 
pbgS,
B. megaterium hmbS and 
uroS





pETcoco-2ABCDC Same as pETcoco-
2ABCD plus M. 
thermautotrophicus sirC
Plasmid for production of 
sirohydrochlorin
AmpR [36]
pET-23b-SacysG1 S. aureus cysG1 cysG1 fused to His-tag at N-
terminus, for SUMT activity testing
AmpR This study
pET-23b-SanirR S. aureus nirR nirR fused to His-tag at C-terminus, 
for complementation experiments
AmpR This study
pET-23b-SacysG2 S. aureus cysG2 cysG2 fused to His-tag at C-




pET-14b-DvhmbS D. vulgaris hmbS Production of uroporphyrinogen III AmpR [21]
pET-14b-DvuroSd D. vulgaris uroSd Production of uroporphyrinogen III AmpR [21]
pET-14b-DvsirC D. vulgaris sirC SUMT activities AmpR [21]




sirC and P.denitrificans 
cobA
Complementation experiments CmR [25]
pET-23b-SanirRH22L S. aureus nirR nirR H22 mutant for 
complementation experiments
AmpR This study
pET-23b-SanirRH87L S. aureus nirR nirR H87 mutant for for 
complementation experiments
AmpR This study








Table 4. Oligonucleotides used in this work
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Figure Legends
Figure 1. Outline of the three reactions necessary to synthesize sirohaem. 
Figure 2. Analysis of the amino acid sequence of S. aureus CysG proteins. 
(A) S. aureus CysG1 sequence alignment with the following bacterial SUMT proteins: S. aureus CysG1 
(WP_000109968.1); B. megaterium SirA (AAA22317.1); P. denitrificans CobA (AAA25773.1.); E. 
coli CysG C-terminal 216-457 (WP_000349855.1); Pa. denitrificans CobA (WP_011748768.1). (B)  S. 
aureus CysG2 sequence alignment with selected precorrin-2 dehydrogenases: S. aureus CysG2 
(YP_001333335); B. megaterium SirC (CAD48923); D. vulgaris SirC (YP_010682); E. coli CysG N-
terminal 1-223 (WP_000349855.1); and Sac. cerevisae Met8p (NP_009772.1). The NAD+ binding motif 
is marked with asterisks.
Accession numbers are indicated within parenthesis, and proteins were aligned using MUSCLE [38]. 
Colours represent the degree of conservation among residues from dark blue (highest) to light blue 
(lowest). 
Figure 3. Enzyme activity of S. aureus CysG1 and CysG2. 
(A) SDS-PAGE of purified S. aureus CysG1 and CysG2. Proteins were analysed on a 12% gel. Lanes 
1-3 depict the molecular marker, and proteins CysG1 and CysG2, respectively. 
(B) UV-Visible spectrum of precorrin-2 generated by incubation of uro´gen III (20 µM) with SAM (40 
µM) and CysG1 (0.7 mg) (green) and precorrin-2 generated by the enzymes expressed from plasmid 
pETcoco-2ABCD (red), as described in the Materials and Methods. 
(C) S. aureus CysG1 activity was measured by coupling with the reaction for precorrin-2 dehydrogenase 
activity, and using D. vulgaris SirC, NAD+, SAM and uro´gen III. 
(D) UV-Visible spectrum of sirohydrochlorin obtained upon incubation of precorrin-2 (2.5 µM) with 
NAD+ (160 µM) and CysG2 (6 µg) (green) and precorrin-2, which was generated by the enzymes 
expressed from plasmid pETcoco-2ABCDC (red). 
(E) S. aureus CysG2 activity was evaluated in a reaction containing as substrates precorrin-2 and NAD+ 
(0.05-2 mM). 
In (C) and (E), data was fitted to an allosteric sigmoidal equation and a Michaelis-Menten equation, 
respectively. Error bars represent the standard deviation of the activity measured in triplicate.
Figure 4. Sirohydrochlorin ferrochelatase (ShfC) is essential for nitrite reduction. 
(A) Complementation experiments were done in E. coli 302ΔapCIQ-SirCCobA cells transformed with 
plasmids harboring native and mutated versions of S. aureus ShfC. 
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E. coli 302ΔapCIQ-SirCCobA strain was transformed with E. coli CysG (pKK-cysG, positive control) 
pET-23b expressing ShfC in the wild type form (pET-nirR), and mutated in histidines 22, 87 and 146 
(pET-SanirRH22L, pET-SanirRH87L, pET-SanirRH146L) and pET-23b alone (pET-23b). The same 
strain carrying pKK223.2-cysG and empty pET-23b plasmids was used as positive and negative control, 
respectively. (B1) Growth and (B2) nitrite consumption of S. aureus wild type and ΔnirR cells in 
medium supplemented with NaNO2 (2 mM), measured every hour. In (B), the error bars represent the 
standard deviation of n value = 4.
Figure 5. Structural features of histidines required for S. aureus ShfC ferrochelatase activity. 
(A) Alignment of S. aureus NirR amino acid sequence with the best studied bacterial homologs.
Alignment of S. aureus NirR with selected bacterial SirB/CbiX enzymes, namely: S. aureus NirR 
(YP_001333335); B. megaterium SirB (CAD48922); S. enterica CbiK (NP_460970.1); D. vulgaris 
CbiKP (WP_010937953.1); A. fulgidus CbiX (WP_010878224.1); and P. pantotrophus CbiX 
(A0A023GPI5). Proteins were aligned using MUSCLE [38]. Colors represent the degree of conservation 
among residues from dark blue (highest) to light blue (lowest). Asterisks represent histidine amino acids 
previously shown to be involved in the sirohydrochlorin ferrochelatase activity in selected SirB/CbiX 
homologs.
(B) Modelling of S. aureus ShfC using S. enterica CbiK (2XWP) and SWISS-Model.
(C) Inset depicts a close up of the active site where structurally homologous residues are highlighted. S. 
aureus ShfC is represented in green, S. enterica CbiK in turquoise, and metallated sirohydrochlorin in 
pink. (B) and (C) show structures obtained with PyMOL.
Figure 6. Classification of the sirohaem biosynthesis pathways, and genome organization of the related 
genes. 
(A)  Classification of the bacterial sirohaem pathways. Figure depicts the enzyme activity modules that 
form proteins acting in sirohaem pathways: UroM - S-adenosyl-L-methionine uroporphyrinogen III 
methyltransferase (blue); P2D- precorrin-2 dehydrogenase (green); ShfC - sirohydrochlorin 
ferrochelatase (orange). Type 1 pathway includes CysG-like enzymes that have three activities in a 
single polypeptide. UroM refers to SirA and CobA enzymes. ShfC designates SirB, CbiX and CbiK 
enzymes with sirohydrochlorin ferrochelatase activity. P2D-ShfC describes enzymes with precorrin-2 
dehydrogenase and sirohydrochlorin ferrochelatase activities in a single polypeptide chain (Table 2). 
(B)  Organization of genes encoding enzymes putatively involved in sirohaem biosynthesis in selected 
bacteria. Colored genes are named according to nomenclature described in (A), while genes coloured 
grey are named as annotated in KEGG database or by gene locus position. 
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Figure 7. Distribution of the three main routes for sirohaem biosynthesis among bacteria. The 4856 
organisms analysed were grouped into 146 orders that are represented in the central cladogram obtained 
using the NCBI common tree tool and the taxonomic information given in Supplementary Information 
Table S1. The outer rectangles in blue, orange and green represent the normalized occurrence of the 
sirohaem pathway Types 1, 2 and 3 respectively within a taxon (scale bar on the left). Only organisms 
with a complete pathway were considered. The complete table with genomic accession codes, retrieved 
from publicly available repositories (RefSeq), and presence and absence of proteins per genome is given 
in Supplementary Information (Table S1).  
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Figure 1. Outline of the three reactions necessary to synthesize sirohaem. 
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Figure 2. Analysis of the amino acid sequence of S. aureus CysG proteins. 
(A) S. aureus CysG1 sequence alignment with the following bacterial SUMT proteins: S. aureus CysG1 
(WP_000109968.1); B. megaterium SirA (AAA22317.1); P. denitrificans CobA (AAA25773.1.); E. coli CysG 
C-terminal 216-457 (WP_000349855.1); Pa. denitrificans CobA (WP_011748768.1). (B)  S. aureus CysG2 
sequence alignment with selected precorrin-2 dehydrogenases: S. aureus CysG2 (YP_001333335); B. 
megaterium SirC (CAD48923); D. vulgaris SirC (YP_010682); E. coli CysG N-terminal 1-223 
(WP_000349855.1); and Sac. cerevisae Met8p (NP_009772.1). The NAD+ binding motif is marked with 
asterisks.
Accession numbers are indicated within parenthesis, and proteins were aligned using MUSCLE [38]. Colours 
represent the degree of conservation among residues from dark blue (highest) to light blue (lowest). 
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Figure 4. Sirohydrochlorin ferrochelatase (ShfC) is essential for nitrite reduction. 
(A) Complementation experiments were done in E. coli 302ΔapCIQ-SirCCobA cells transformed with 
plasmids harboring native and mutated versions of S. aureus ShfC. 
E. coli 302ΔapCIQ-SirCCobA strain was transformed with E. coli CysG (pKK-cysG, positive control) pET-23b 
expressing ShfC in the wild type form (pET-nirR), and mutated in histidines 22, 87 and 146 (pET-
SanirRH22L, pET-SanirRH87L, pET-SanirRH146L) and pET-23b alone (pET-23b). The same strain carrying 
pKK223.2-cysG and empty pET-23b plasmids was used as positive and negative control, respectively. (B1) 
Growth and (B2) nitrite consumption of S. aureus wild type and ΔnirR cells in medium supplemented with 
NaNO2 (2 mM), measured every hour. In (B), the error bars represent the standard deviation of n value = 
4. 
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Figure 5. Structural features of histidines required for S. aureus ShfC ferrochelatase activity. 
(A) Alignment of S. aureus NirR amino acid sequence with the best studied bacterial homologs.
Alignment of S. aureus NirR with selected bacterial SirB/CbiX enzymes, namely: S. aureus NirR 
(YP_001333335); B. megaterium SirB (CAD48922); S. enterica CbiK (NP_460970.1); D. vulgaris CbiKP 
(WP_010937953.1); A. fulgidus CbiX (WP_010878224.1); and P. pantotrophus CbiX (A0A023GPI5). Proteins 
were aligned using MUSCLE [38]. Colors represent the degree of conservation among residues from dark 
blue (highest) to light blue (lowest). Asterisks represent histidine amino acids previously shown to be 
involved in the sirohydrochlorin ferrochelatase activity in selected SirB/CbiX homologs.
(B) Modelling of S. aureus ShfC using S. enterica CbiK (2XWP) and SWISS-Model.
(C) Inset depicts a close up of the active site where structurally homologous residues are highlighted. S. 
aureus ShfC is represented in green, S. enterica CbiK in turquoise, and metallated sirohydrochlorin in pink. 
(B) and (C) show structures obtained with PyMOL. 
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Figure 6. Classification of the sirohaem biosynthesis pathways, and genome organization of the related 
genes. 
(A)  Classification of the bacterial sirohaem pathways. Figure depicts the enzyme activity modules that form 
proteins acting in sirohaem pathways: UroM - S-adenosyl-L-methionine uroporphyrinogen III 
methyltransferase (blue); P2D- precorrin-2 dehydrogenase (green); ShfC - sirohydrochlorin ferrochelatase 
(orange). Type 1 pathway includes CysG-like enzymes that have three activities in a single polypeptide. 
UroM refers to SirA and CobA enzymes. ShfC designates SirB, CbiX and CbiK enzymes with sirohydrochlorin 
ferrochelatase activity. P2D-ShfC describes enzymes with precorrin-2 dehydrogenase and sirohydrochlorin 
ferrochelatase activities in a single polypeptide chain (Table 2). 
(B)  Organization of genes encoding enzymes putatively involved in sirohaem biosynthesis in selected 
bacteria. Colored genes are named according to nomenclature described in (A), while genes coloured grey 
are named as annotated in KEGG database or by gene locus position. 
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Figure 7. Distribution of the three main routes for sirohaem biosynthesis among bacteria. The 4856 
organisms analysed were grouped into 146 orders that are represented in the central cladogram obtained 
using the NCBI common tree tool and the taxonomic information given in Supplementary Information Table 
S1. The outer rectangles in blue, orange and green represent the normalized occurrence of the sirohaem 
pathway Types 1, 2 and 3 respectively within a taxon (scale bar on the left). Only organisms with a 
complete pathway were considered. The complete table with genomic accession codes, retrieved from 
publicly available repositories (RefSeq), and presence and absence of proteins per genome is given in 
Supplementary Information (Table S1). 
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